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接触式电容压力微传感器的分析与设计 
 
摘要 
 
 
作者  焦玉忠 
 
 
与一般的电容压力传感器和其它类型压敏器件相比，接触式电容压力传感器(TMCPS)有
着明显的优点，如较好的线性，高的灵敏度和大的过载保护能力等。尽管对它的研制已经有
十多年的历史，但有关它的压敏薄板变形机理研究方面的文献却很少。本文使用有限元软件
分析了压敏薄板的变形。分析的结果显示，当压敏薄板与器件基地接触后，压敏薄板的变形
趋于线性，可以当作小变形来对待。 
由于接触的发生，接触式电容压力传感器会出现较大的迟滞现象。范德华力和静电力是
产生迟滞的主要因素。为了研究吸附力对器件输出特性的影响，小变形理论和一种解决接触
问题的近似方法被用来模拟薄板的变形，迟滞特征以及吸附力对其它特性的影响。作者对
Hamaker常数，接触面电势差，接触面等效间距，压力加载速度和一些结构参数作了较为详
细的分析。文中也给出了一些减少迟滞的方法。 
为了实现更好的线性，作者设计（发明）了一种新型的接触式电容压力传感器
(DDTMCPS)。这种新的结构含有两层压敏薄板。与现有的接触式电容压力器件相比，此种
器件可以实现更好的线性和更大的线性工作范围，同时也有较高的灵敏度和现有接触式电容
压力器件所具有的其它优点。新增加的第二层薄板有着很重要的作用。它可以调制第一层薄
板的受压变形，进而可以对器件的性能进行优化。第二层薄板的厚度选择是实现好的性能的
关键。根据它的结构特点，作者建议使用硅焊接工艺来制作此种新型传感器。 
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    TMCPS    迟滞    DDTMCPS        
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Analysis and design of touch mode capacitive pressure sensor 
 
Abstract 
 
 
By 
Yuzhong Ziao 
 
 
Touch mode capacitive pressure sensor (TMCPS) has distinct advantages over normal mode capacitive 
pressure sensor, and other counterparts. Though born for more than 10 years, the understanding of the mechanism 
of its diaphragm deformation after touch in mechanics is not enough. Finite element analysis is employed to model 
the structural deformation of such a device. Analyzed results show that the deflection of the sensing diaphragm of 
the sensor tends to be linear, after touch. That is, the post-touch deformation of the diaphragm can be categorized 
as small deformation. 
Because of touch between its sensing diaphragm and substrate, touch mode capacitive pressure sensor has a 
drawback, hysteresis. van der Waal force and electrostatic force are ascribed to the appearance of hysteresis. In 
order to study the influence of adhesive forces on the output performance of touch mode sensors, small 
deformation assumption and a simple approach to solve touch problem are used to model the deflection of 
diaphragms, the feature of hysteresis, and the effect of adhesive forces on other characteristics. Hamaker constant, 
potential difference, separation distance of touch surfaces, load pressure increment and structural parameters are 
analyzed respectively. Several ways to reduce hysteresis are presented. 
To achieve the characteristics of better linearity, a new type of touch mode capacitive pressure sensor named 
as DDTMCPS is devised, which has a pair of deformable sensing diaphragms. Compared to present touch mode 
capacitive pressure sensors, the new sensor is characterized by better linearity, and large linear operation range. 
Such a device also has high sensitivity, and other advantages of normal touch mode capacitive pressure sensor. In 
the case of such a novel sensor, the second diaphragm served as bottom electrode plays great roles in modifying 
the deflection of the first diaphragm served as top electrode, furthermore optimizing the performance of touch 
mode sensors. Proper thickness of the second diaphragm is crucial to achieve a better performance. Silicon fusion 
bonding technology is advised to fabricate the novel device. 
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Chapter 1 
 
1.1  Introduction 
 
Capacitive pressure microsensors have been developed successfully for many years [1.1-1.7]. Due to their 
distinct advantages over piezoresistive pressure sensor: high sensitivity, low power consumption, better 
temperature performance, no turn-on temperature drift, robust structure, less sensitive to external environments, etc, 
they have been used widely in industrial and biomedical applications. However a major fraction of the market for 
pressure sensor is occupied not by capacitive pressure sensors, rather than by piezoresistive pressure sensor. The 
main reason is that normal capacitive pressure sensors cannot achieve good linearity, unless complex 
configurations or matched interface circuits are utilized to adjust their output performances. All kinds of 
conventional capacitive pressure sensors operate in the range where top electrode (diaphragm) is kept from 
contacting the bottom electrode. If the sensors are intentionally designed to operate in the range after two 
electrodes touch, the output capacitances shows nearly linear at a certain range. Aside from good linearity, the kind 
of touch mode capacitive pressure sensor can also achieve high sensitivity, large operation range, zero suppression 
feature and large overload protection, compared to normal capacitive pressure sensors. 
 
1.2  Background of capacitive pressure sensor 
 
A capacitive pressure sensor is a variable capacitor whose basic structure is composed of two plates served as 
upper and bottom electrodes respectively, and a sealed cavity in the middle. The bottom electrode is fixed and the 
top electrode is made of a deformable diaphragm. The deformation of the suspended diaphragm in response to load 
pressure results in the variance of capacitance, which can be measured with an interface circuit. A typical structure 
of capacitive pressure sensor is shown in Fig. 1.1. Silicon capacitive pressure sensors are characterized by high 
sensitivity, low power consumption, better temperature, robust structure, etc. But the capacitive sensors normally 
have nonlinear characteristics, due to the inverse relation between capacitance and effective spacing of cavity. 
Much effort has been made to improve the linearity of capacitive pressure sensors, either by modifying the 
structure of sensors or by using special interface circuits. 
Corrugated diaphragms offer much greater linearity than the equivalent flat diaphragms [1.8]. The major role 
of the corrugation is to increase the effective size of diaphragms, which will reduce the stretching of diaphragms. 
Bossed diaphragms have also shown higher sensitivity and better linearity, especially in a small pressure range 
[1.9]. Linear characteristics can be realized, by modifying the electrode shape of capacitive pressure sensors 
[1.10-1.11]. Omi et al. used a center clamped silicon diaphragm to get a capacitive pressure sensor with a 
nonlinearity of 0.7% [1.12]. Another structure that can linearly transform deflection into capacitance is the comb 
design [1.13]. 
All the structures mentioned above operate in the range where the sensing diaphragm is kept from touching 
the substrate, which can be defined as normal mode capacitive pressure sensor (NMCPS). If the sensors are 
intentionally designed to operate in the range after touch between diaphragm and its substrate takes place, the 
output capacitance becomes linear at a certain range [1.14-1.20]. This kind of sensor is defined as touch mode 
capacitive pressure sensor (TMCPS). Fig. 1.2 shows the structure of touch mode capacitive pressure sensor. In 
TMCPS, the sensing diaphragm made from P+ silicon or other conductors, is served as top electrode. The other 
electrode in terms of bottom electrode is situated on the substrate. A thin layer of insulator is needed to grow on the 
bottom electrode to stop short-circuiting when the pair of electrodes contacts each other. There is a vacuum cavity 
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between the two electrodes. Fig. 1.3 shows the typical C-P characteristics of a TMCPS. The sensor has a square 
diaphragm with side length of 400μm, thickness of 5μm, and the spacing is also 5μm. It clearly shows four 
regions: normal, transition, linear and saturation region respectively. When the loaded pressure is lower than 52 Psi, 
the diaphragm doesn’t touch the substrate, and the characteristic in this region is the same as normal mode 
capacitive pressure sensor. When the diaphragm touches the substrate, the C-P curve enters transition region. Fig. 
1.3 shows the region of 52-60 Psi as the transition region. When loaded pressure exceeds 60 Psi, a better linear 
curve is gotten. This is the operation linear region with high sensitivity and good linearity. The saturation region 
begins when the sensitivity is reduced significantly from that of the linear region. Compared to NMCPS, TMCPS 
has more advantages: higher sensitivity, better linearity, large operation range, and large overload protection, etc. 
The drawback of TMCPS is apparent hysteresis, which results from the occurrence of the touch between the 
sensing diaphragm and the substrate of TMCPS [1.15,1.19-1.20]. Measured results reveal TMCPS has the 
phenomenon of hysteresis. The capacitance is not the same at a specified load pressure, when pressure is loaded up 
and down. Guo Jun presented his measured results of a high sensitive touch mode capacitive pressure sensor with 
sensor array structure [1.19]. Since the structure permits a larger touch area in operation region, the hysteresis is 
serious. Fig. 1.4 shows one of his measured results. Hysteresis can result in large errors of measured results. In the 
case of TMCPS, the advantageous performances can be affected, or lessened due to hysteresis. 
 
1.3  Modeling of silicon diaphragms 
 
Diaphragms play great roles in the current designs of microsensors and microactuators. In order to achieve 
desired functions and performance of sensors and actuators, it is important to have a good understanding of the 
mechanical behavior of the diaphragm and the whole structure. Additionally, it is imperative to predict the 
characteristics of a given device in the development of any new silicon micromechanical structure. Timoshenko et 
al presented a complete mechanical analysis of various plates and shells, which can be applied to the diaphragm 
designs in sensors and actuators [1.21]. The basic deflection equation of thin plates is a four-order differential 
equation. When the deflection of the diaphragm is very small compared to its thickness, the problem can be solved 
analytically for some situations. For large deflection, the equation was solved by the equilibrium and energy 
method by Szilard and Timoshenko [1.21-1.22]. The Ritz method was also used to solve the differential equation 
[1.23]. The method has the advantage of always having solutions as long as the deflection fits the boundary 
conditions. Numerical solutions including finite difference method and finite element analysis are increasingly 
used in sensors design [1.24-1.29]. Except for large deflection in most cases, the diaphragm operates in the state of 
touch, which is considered as state nonlinearity. Guangqing Meng et al presented a simple approach to solve touch 
problem of circular diaphragms, by introducing touch radius and assuming that untouched part of the diaphragm 
can be approximated by diaphragm with reduced radius [1.30]. But for detailed simulated results, a numerical 
solution such as finite element analysis may be the only choice to solve the touch and large deflection problems 
[1.31-1.32]. In case of TMCPS, finite element analysis was carried out by Qiang Wang to model diaphragms with 
large deflection and touch mode operation [1.17]. FEA is a computer-based numerical analysis, in which the 
structure analyzed is subdivided into many smaller elements, which are interconnected by nodes. FEA is used to 
model the deformation of the diaphragm and to predict the performance of TMCPS in the thesis. 
 
1.4  Objective of the thesis 
 
The aim of this thesis is to analyze the performance of touch mode capacitive pressure sensor by using 
analytical and finite element analysis, also to give a new kind of touch mode capacitive pressure sensor which can 
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achieve better linearity and larger linear operation range. This thesis will present all modeled results of normal 
touch mode capacitive pressure sensor, and the novel touch mode capacitive pressure sensor. 
These issues will be covered in this thesis: 
1)  Modeling of TMCPS diaphragm 
2) Hysteresis analysis of TMCPS 
3) A new TMCPS with two deformable diaphragms 
 
1.5  Outline of this thesis 
 
The remainder of this thesis is organized as follows. 
Chapter 2 presents the mechanism of deformation of the sensing diaphragm of TMCPS after touch, by using 
FEA software, ANSYS. The feasibility of using solid elements to model the deformation of diaphragms is proven. 
Chapter 3 mainly deals with hysteresis problems of TMCPS, by using analytical way. The influence of 
adhesive forces is analyzed on the performance in two aspects. One is hysteresis, and the other is characteristic. 
Several approaches to reduce adhesive forces are presented in the chapter. 
Chapter 4 presents a novel touch mode capacitive pressure sensor with two deformable diaphragms. The 
corresponding characteristics and performance of the devise to conventional TMCPS is modeled and analyzed, by 
using FEA software, ANSYS. A proposed microfabrication process is given to realize the novel device. 
Chapter 5 presents the summary. 
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Fig. 1.1 A typical structure of capacitive pressure sensor 
 
Fig. 1.2 A typical structure of touch mode capacitive pressure sensor 
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Fig. 1.3 A typical C-P characteristic of a TMCPS 
 
 
Fig. 1.4 A measured C-P characteristic of TMCPS 
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Chapter 2 
Modeling of TMCPS diaphragm 
 
2.1  Introduction 
 
The main difference of touch mode capacitive pressure sensor (TMCPS) from normal capacitive pressure 
sensor (NMCPS) is that the pressure-sensing diaphragm is permitted to touch its substrate, and the operation 
region is valid just after touch happens [2.1-2.5]. Due to occurrence of touch, TMCPS has such advantages over 
NMCPS as good linearity, high sensitivity, large overload protection and large operation range. In order to better 
design TMCPS, several ways have been employed to simulate the deformation of the sensing diaphragm and to 
predict the performance of the sensor. Guangqing Meng et al. used the power solution to successfully model the 
deflection of circular diaphragm under uniform load [2.6]. By using a commercial FEA software, ABAQUS, Qiang 
Wang analyzed the deflection, stress and strain of diaphragm, the C-P characteristics, sensitivity, linearity and 
built-in stress, etc [2.7-2.8]. Some other researches pertinent to modeling of TMCPS have been done, by other 
authors [2.9]. Though modeling has been an important step in design and fabrication, some mechanism of TMCPS 
isn’t understood wholly. The objective of the part is mainly to analyze the mechanism of the deformation of the 
diaphragm, especially after touch. 
 The chapter firstly proves the feasibility of solid elements to model the deformation of diaphragm, secondly 
gives the modeled results of the diaphragm by using solid elements, finally shows the mechanism of diaphragm 
deformation after touch, and presents a comparison between nonlinear modeling and linear modeling of TMCPS. 
 
2.2  Feasibility of solid elements to model diaphragm 
 
In the case of TMCPS, the sensing diaphragm should be referred to as thin plate in solving the deflection. The 
general equation for large deflection of a thin plate in the x-y plan can be expressed as [2.10]: 
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Where D is flexural rigidity, D=Eh3/[12(1-v2)], P is the differential pressure between two sides of a diaphragm, w 
is z-direction deformation at point (x, y) on the diaphragm, E is Young’s modulus, v is Poisson’s ratio and F is a 
stress function. Eq. (2.1) and (2.2) are hard to solve, especially when the diaphragm touches the substrate. Hence 
the finite element analysis (FEA) is used to determine the deformation of the diaphragm and the performance of 
TMCPS. FEA is a computer-based numerical analysis, in which the structure analyzed is subdivided into many 
smaller elements, which are interconnected by nodes [2.11]. The general finite element analysis function is: 
   }]{[}{ UKF =                               (2.3) 
Where {F} is the nodal force vector including external loads and reaction forces applied on the structure, [K] is the 
global stiffness matrix, which is formed from the contribution of the stiffness of every single element in the model, 
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{U} is the nodal displacement in various directions.  
Finite element analysis in the paper is carried out, by using ANSYS55 FEA software [2.12, 2.13]. Simulation 
of TMCPS involves two kinds of non-linearity problems, namely the large deformation of the diaphragm and the 
contact between the diaphragm and the stationary substrate. However shell (or thin plate) elements are invalid in 
dealing with the two kinds of nonlinearity simultaneously. Thus solid elements are selected to model the sensing 
diaphragm. In order to demonstrate the feasibility of solid elements in modeling the deformation of the sensing 
diaphragm, a comparison between two kinds of results is given; one kind of result is gotten by using SOLID45 
elements, the second kind is by using SHELL63 elements. Both results relate to the deflection of a diaphragm with 
clamped edges. Fig. 2.1 shows the ratio of the difference of the central deflections by using the two kinds of 
elements, to the thickness of the sensing square diaphragm with side length a=400μm, thickness h=5μm. With 
the increase of load pressure, the ratio shows a trend of increase. However when pressure is less than 100 Psi, the 
maximal ratio is less than 0.06%, which means the difference of the central deflections of a diaphragm by using 
the two different elements is neglectable in engineering applications. Fig. 2.2 presents the ratio of the deflection 
difference of one quarter of the sensing diaphragm, by using the two different elements, to the diaphragm thickness, 
when load pressure equals 100 Psi. From the figure, we can learn the distribution of the maximum difference of 
deflection. The maximum ratio is still less than 0.06%. So it can be thought as feasible that solid elements replace 
shell elements in modeling the deformation of a diaphragm with clamped edges. Actually it’s unnecessary to get 
every thing through modeling. The main role of simulation is to give us a prediction of approximation, or of a 
trend of some characteristics. 
 
2.3  Modeling of the sensing diaphragm of TMCPS 
 
In the study, SOLID45 elements are used to model the sensing diaphragm, the substrate is defined as rigidity, 
TARGET170 and CONTA174 are used to deal with touch. A uniform mesh of 25x25 elements, SOLID45, in a 
quarter of a square diaphragm with side length a=400μm, thickness h=5μm, and gap g=5μm, is used in the 
deflection analysis. In the simulation, the Young’s modulus and Poisson’s ratio used are 130 Gpa and 0.3 
respectively [2.14]. Fig. 2.3 shows the deflection contours of one quarter of diaphragm when load pressure is equal 
to 100 Psi. The maximal deflection that lies in the central part equals the value of gap 5μm. Along the X-axis, the 
deflection decreases gradually. The distribution of the deformation is symmetrical. Fig. 2.4 gives the z-direction 
deformation of the center point of the deformed diaphragm in response to loaded pressure. The deformation of the 
center point increases with pressure, and shows nonlinear. When load pressure is equal to 52Psi, touch happens. 
And since then, the z-direction deformation is almost constant, and equal to the gap. Fig. 2.5 shows the z-direction 
deflections of the nodes on one quarter of the diaphragm when the loaded pressures are equal to 80, 100 and 120 
Psi, respectively. The flat zone in the central region of the diaphragm is the touch area where the diaphragm 
touches the bottom electrode. It can be found that touch area increases with load pressure. To deeply study the 
mechanism of the deformed diaphragm, the z-direction deformation of several points on the x-axis in the 
diaphragm in response to pressure is shown in Fig. 2.6. It’s easy to find that when loaded pressure exceeds the 
touch point pressure (Pt), 52 Psi, the diaphragm touches the substrate of TMCPS, and the deflection curves of 
every point become flatter than that before touch. The main reason is that the touch completely changes the 
mechanical property of the diaphragm. 
Fig. 2.7 shows the contours of Von Misses stress of one quarter of the diaphragm, when load pressure equals 
100 Psi. The maximal stress locates at the central point of the diaphragm side. Fig. 2.8 shows the maximal stress 
characteristics of the two types of sensors, namely TMCPS and NMCPS. Before the diaphragm touches the 
substrate, the maximal stresses of TMCPS and NMCPS show the same values. When load pressure exceeds Pt, the 
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maximal stress curves disperse. The maximal stress of TMCPS is lower than that of NMCPS. This is the reason 
why TMCPS owns large overload protection. 
 
2.4  Mechanism of the deformed diaphragm 
 
Fig. 2.9 shows the slope (dw/dP) of deflection curves of the points on the x-axis. At the beginning, the values, 
dw/dP, of different points, especially close to the center of the diaphragm are large. And with the increase of load, 
the values decline. Then the curves make clean breaks when loaded pressure is equal to Pt. The values after touch 
are much less than those before touch. Then the values lessen slowly, and the curves show themselves fairly flat. 
The clean break means occur of contact. This is an interesting point, in that touch induces the change of the 
mechanism of the sensing diaphragm, and promotes the performance of capacitive pressure sensor. Before touch, 
the values of dw/dP are changed largely, especially at the points near to the center of the diaphragm, while after 
touch, to some extent the curves become even. This illustrates that the deflection of the diaphragm, compared with 
that before touch, presents certain linearity after touch. Fig. 2.10 presents the ratios of the difference of deflection 
△w to diaphragm thickness h, namely △w/h, of the whole diaphragm in the pressure ranges from 52 Psi to 80 Psi, 
from 52 Psi to 100 Psi, and from 52 Psi to 120 Psi respectively. The maximum ratios of w/h lie in the middle of 
central part and edges of the diaphragm. Fig. 2.10 (a, b, c) show the maximal ratios, 10.36%, 16.15% and 20.84%, 
respectively. From the figures, we can conclude that after touch, the deformation of the diaphragm becomes nearly 
linear, especially at the central part, which is crucial in affecting the characteristics of the device. This is not hard 
to understand. Due to touch, the central part of the diaphragm is supported on the touch surface of the substrate, 
and several parameters corresponding to the structure wholly differ from that before touch, which is simply 
considered as a thin plate with clamped edges. With the increase of touch area, the pliability of the diaphragm 
structure decreases, which must lead to the approach to linearity. 
In the following, I have a try of simulation by using a way, in which small deformation is assumed to model 
the deformation of the sensing diaphragm after touch takes place, and large deformation theory is applied to model 
the diaphragm deflection before touch. Fig. 2.11 presents the comparison of the modeled C-P characteristics by 
using large deformation assumption and small deformation assumption respectively after touch takes place. 
Obviously, the C-P characteristic modeled by small deformation assumption differs from the characteristic 
modeled by large deformation assumption. The large departure mainly results from the improper transition from 
large deformation assumption to small deformation assumption, when TMCPS is modeled by using ANSYS. If we 
dispel the large departure produced just after touch, the two C-P curves would come near to each other. The 
assumption of small deformation certainly results in larger displacements. However the similar trend of two curves 
is interesting, because they are nearly parallel to each other. Fig. 2.12 gives the comparison between sensitivities 
modeled by the two different assumptions. Though with larger difference over the range from 52 Psi to 80 Psi, the 
sensitivity curves are very near to each other after 80 Psi. This is not accidental. It must mirror the mechanical 
feature that the deformation of the diaphragm becomes small, and shows certain linearity after touch. Therefore to 
some extent, small deformation assumption can be employed to simplify the analyses of the performances of 
TMCPS. 
 
2.3  Conclusion 
 
In the chapter, the feasibility is firstly proved that SOLID45 elements can be utilized to model the 
deformation of the diaphragm of TMCPS. Then deflection and stress of the sensing diaphragm is solved, by using 
SOLID45, TARGET170 and CONTA174 elements. Lastly I analyze the mechanism of deformation of the 
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diaphragm of TMCPS, and conclude that the deflection of the sensing diaphragm can be referred to as small 
deformation after touch. The conclusion is helpful to understand the performance of TMCPS, which is used in the 
following chapters. 
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Fig. 2.1 The ratio of the difference of the central deflections by using two kinds of elements (namely SOLID45 and SHELL63), to the 
thickness of the sensing square diaphragm with side length a=400μm, thickness h=5μm 
 
 
Fig. 2.2 The ratio of the deflection difference of one quarter of the sensing diaphragm, by using SOLID45 and SHELL63 elements, to the 
diaphragm thickness, when load pressure equals 100 Psi 
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Fig. 2.3 The deflection contours of one quarter of square diaphragm with side length a=400μm, thickness h=5μm, and gap g=5μm 
when load pressure is equal to 100 Psi 
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Fig. 2.4 Deformation of central point of diaphragm with side length a=400μm, thickness h=5μm, and gap g=5μm 
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